Introduction: Following surgery, the formation of heterotopic ossification (HTO) can limit mobility and impair quality of life. Radiotherapy has been proven to provide efficacious prophylaxis against HTO, especially in high-risk settings. Purpose: The current review aims to determine the factors influencing HTO formation in patients receiving prophylactic radiotherapy. Methods: A systematic search of the literature was conducted on Ovid Medline, Embase and the Cochrane Central Register of Controlled Trials. Studies were included if they reported the percentage of sites developing heterotopic ossification after receiving a specified dose of prophylactic radiotherapy. Weighted linear regression analysis was conducted for continuous or categorical predictors. Results: Extracted from 61 articles, a total of 5464 treatment sites were included, spanning 85 separate study arms. Most sites were from the hip (97.7%), from United States patients (55.2%), and had radiation prescribed postoperatively (61.6%) at a dose of 700 cGy (61.0%). After adjusting for radiation site, there was no statistically significant relationship between the percentage of sites developing HTO and radiation dose (p = 0.1) or whether radiation was administered preoperatively or postoperatively (p = 0.1). Sites with previous HTO formation were more likely to develop recurrent HTO than those without previous HTO formation (p = 0.04). There was a statistically significant negative relationship between the HTO development and the cohort mean year of treatment (p = 0.007). Conclusion: Decreases in rates of HTO over time in this patient population may be a function of more efficacious surgical regimens and prophylactic radiotherapy.
Heterotopic ossification (HTO) is characterized by the formation of ectopic bone within muscles, connective tissue, or nerves [1] . Although HTO can be an indolent condition, more severe cases can be painful, inflamed, or impair a patient's mobility [2] . HTO formation has been shown to be induced by bone morphogenic protein 2 (BMP2) in several primary cancer sites [3] . Currently, it is postulated that BMP2 interacts with the Wnt/b-catenin signaling pathway in osteoblasts to lead to osteoplastic differentiation and bone formation [4] . Heterotopic ossification may be caused by surgical intervention or trauma. Common risk factors for heterotopic ossification include diffuse idiopathic skeletal hyperostosis, ankylosing spondylitis, osteoarthritis, and previous heterotopic ossification formation.
Literature examining HTO incidence following surgery has nearly exclusively focused on hip operations. For example, following total hip arthroplasty, total incidence of HTO approximates 60% without prophylaxis [5] . In the hip setting, a classification system by Brooker et al. [6] is commonly used to categorize the degree of HTO. In this classification mechanism, five classifications are used: grade 0 -no soft tissue calcification; grade 1 -separate small foci of ossification about the hip; grade 2 -ossification projecting from the proximal femur or pelvis with at least 1 cm between opposing bone surfaces; grade 4 -ossification completely bridging the proximal femur and pelvis. Nonetheless, reports of HTO have included other sites, such as the knee, elbow, and temporomandibular joint (TMJ).
In the surgical setting, prophylaxis for HTO is regularly indicated due to the considerable risk of functional impairment. The two most common preventative modalities are radiotherapy and indomethacin, a non-steroidal anti-inflammatory drug (NSAID). In a meta-analysis of 1295 patients receiving surgery to the hip and randomized to either indomethacin or radiotherapy for prophylaxis against HTO, Vavken et al. demonstrated no statistically or clinically significant differences between arms (test for overall effectiveness: risk ratio (RR) = 1.2; 95% CI = 0.8-1.8; p = 0.48) [7] . Both treatment modalities carry the risk of particular side effects; for instance, indomethacin can cause peripheral edema and hypertension, whereas radiotherapy may induce carcinogenesis. Vavken et al. showed that no statistically significant difference in treatment-associated side effects between radiotherapy and indomethacin existed (RR = 0.79; 95% CI = 0.5-1.4; p = 0.4) [7] .
For prevention of HTO, radiotherapy prevents bone repair and consequently prevents the abnormal formation of bone. Specifically, radiotherapy inhibits the differentiation of mesenchymal stem cells to osteogenic pathways [8] . Numerous radiotherapy prescription parameters, such as fractionation schedule, timing, and dose are currently commonplace in the literature. Although a multitude of prospective and retrospective cohorts, case series, and randomized controlled trials have described the radiotherapy prescription patterns in HTO, thus far there has been no formal synthesis of the vast quantity of data in a meta-analysis. Further, no evidence-based guidelines have been devised to aid the clinician in decision-making for HTO prophylaxis with radiotherapy.
The following systematic review and meta-analysis aims to explore pertinent issues to the prescribing radiation oncologist in the prophylaxis of HTO: (1) what dose of radiotherapy is optimal? (2) Should radiotherapy be prescribed postoperatively or preoperatively? (3) What does the evidence suggest about prophylactic radiotherapy for recurrent versus new HTO? and (4) Is there a difference in outcomes between radiotherapy prescribed to the hip, elbow, knee and other sites?
Methods

Literature search
A literature search on Ovid Medline and Ovid OldMedline (1946 to June Week 1 2013), Embase and Embase Classic (1947 to 2013 Week 24), and the Cochrane Central Register of Controlled Trials (May 2013) was performed. The search term ''heterotopic ossification'' was combined in various methods with the terms ''radiotherapy'', ''radiation therapy'', ''radiation prophylaxis'', and ''cancer radiotherapy'' to elicit relevant literature. Search results were limited to English language human trials.
Inclusion/exclusion criteria
Large (i.e. >5 site) case series, prospective and retrospective cohort studies and randomized controlled trials were included. For inclusion, relevant HTO outcomes needed to be stratified by dose of radiotherapy and radiation treatment site. Cohorts were only included if the average or median length of radiographic follow-up exceeded 8 weeks. This approach is in line with other authors, who have reported that 89% of HTO formation can be recognized on radiography at 3 weeks [2] , and all ossification may be appreciated 8 weeks postoperatively [9] .
Data collection
In data collection, each included cohort was stratified by radiation dose. Collected data included: type of study, year of treatment, treatment center location, author-reported categorical risk of developing HTO, number of sites undergoing prophylactic radiotherapy, type of site, type of orthopedic intervention, radiation dose, formation of HTO prior to irradiation in the current study protocol, time of radiotherapy (postoperative versus preoperative), percentage of sites developing HTO, Brooker grade 1 or 2 HTO, and Brooker grade 3 or 4 HTO before and adequately after radiotherapy.
Statistical analysis
Demographic information was summarized as a proportion for categorical variables, and as a weighted mean (with a corresponding standard deviation (SD), 95% confidence interval (CI)), median, and range for continuous variables. To compare primary outcomes in patients with different socio-demographic and clinical parameters from different study arms, weighted linear regression analysis was conducted for continuous or categorical predictors. Procedure General Linear Models (GLMs) were performed for the unbalanced data, with the total number of treatment sites from each study considered as a weighted variable.
The weighted mean was defined as
is the weight for the ith study, x i is the ith variable value, and the divisor d is nÀ1. The weighted variance is a measure of variability, and it is the sum of the weighted squared distance of data value from the mean divided by the variance divisor which is defined to be nÀ1. Three primary outcomes were considered in the study: the percentage of sites developing any type of HTO, the percentage of sites developing Brooker grades 1 or 2 HTO, and the percentage of sites developing Brooker grades 3 or 4 HTO. Weighted Pearson correlations (r) between the mean year treated and the three primary outcomes were also calculated and presented on bubble charts. In the bubble charts, the size of the bubbles was related to the number of weighted sites, with large bubbles representing a larger number of sites. A weighted trend line was added based on the weighted linear regression model for each outcome.
A p-value of less than 0.05 was considered to be statistically significant. All analyses were conducted by Statistical Analysis of Software (SAS version 9.3 for Windows).
Results
From a literature search of 528 articles, 407 articles were excluded in title and abstract screening ( Fig. 1 ). Of 121 articles included in full-text screening, 60 were deemed ineligible; thus, a total of 61 studies spanning 85 separate study arms were included ( Fig. 1 ). In total, 5464 treatment sites were included.
In terms of demographic characteristics, 3015 treatment sites (55.18%) came from patients treated in the United States, while 1762 sites were treated in Germany (32.25%) ( Table 1) . As determined by self-reported criteria, 1529 treatment sites (27.98%) were deemed to be at a high risk of developing future HTO. Radiation was prescribed mostly to the hip (n = 5336; 97.66%); other treatment sites included the elbow [21, 26, 38, [40] [41] 56] , temporomandibular joint [18, 51] , and knee [41, 62] . A few studies reported on whether their patient sample had any past history of HTO; of these, 280 treatment sites (5.12%) were being treated for solely recurrent HTO, whereas 176 sites (3.22%) did not have a past history of HTO [11, 17, [23] [24] 36, 56, 62] . In terms of radiation parameters, radiation was prescribed mostly postoperatively (n = 3364; 61.57%) and over 60% at a dose of 700 cGy (n = 3331). Nonetheless, there existed a great variability in the dose prescription of radiotherapy (mean ± SD: 816.2 ± 2421.1 cGy; median total dose (range): 700 (500-2000); range of dose per fraction: 200-800). The median year of treatment was 1999, which ranged from 1974 to 2007.
Regarding the distributions of primary outcomes, the percentage of sites developing HTO after any type of radiotherapy was, on average, 24.8% (median: 18%; 95% CI of mean: 20.9-28.8%) ( Table 2) . Similarly, the mean percentage of sites developing Brooker grade 1 or 2 HTO was 22.1% (median: 17%; 95% CI of mean: 18.1-26.2%), whereas the mean percentage of sites developing Brooker grade 3 or 4 HTO was 4.1% (median: 2%; 95% CI of mean: 2.9-5.3%).
The association between the percentage of sites developing HTO and the prescribed dose of radiation was investigated after adjusting for radiation site (i.e. hip, knee, TMJ, elbow) as a confounding factor. This particular analysis was completed on all included treatment sites, irrespective of prior history of HTO and preoperative versus postoperative status. Overall, it was found that there was no statistically significant relationship between the percentage of sites developing HTO and radiation dose (coefficient = 0.011; SE = 0.007; p = 0.095).
We next examined the impact of preoperative versus postoperative status on the percentage of sites developing HTO. It was found that, after adjusting for radiation site as a confounding factor, there was no statistically significant relationship between preoperative/postoperative status and the percentage of sites developing HTO (coefficient = 6.93; SE = 4.20; p = 0.10), as well as Brooker grade 3 or 4 HTO (coefficient = 2.07; SE = 1.25; p = 0.10). Conversely, sites which were prescribed radiotherapy postoperatively had a significantly higher percentage of sites developing Brooker grade 1 or 2 HTO, relative to preoperatively prescribed sites (coefficient = 8.19; SE = 4.10; p = 0.0499). The confounding factor of radiation site was not significantly related to any outcome.
It was also possible that past medical history of patients may have influenced results, especially if history was significant for previous HTO. As such, an analysis was conducted to determine whether the incidence of HTO was different in sites undertaking prophylaxis for recurrence rather than HTO for the first time. Adjusted for radiation site, there was a statistically significant difference between new and recurrent cohorts in the percentage of sites developing HTO (coefficient = 32.14; SE = 15.31; p = 0.041) as well as the percentage of sites developing Brooker grade 1 or 2 HTO (coefficient = 37.21; SE = 14.80; p = 0.016). The analysis for Brooker grade 3 or 4 HTO was statistically insignificant (coefficient = 2.34; SE = 3.05; p = 0.45). Further, the confounding factor of radiation site was not significantly related to any outcome.
In ascertaining the development of HTO as a result of radiotherapy, it was also critical to document the efficacy of prescription patterns over the course of many years. Accordingly, a time trend analysis was performed, adjusting for site of radiation. A statistically significant trend was found in which the percentage of sites developing HTO (coefficient = 0.85; SE = 0.32; p = 0.009) and developing Brooker grade 1/2 HTO (coefficient = 1.08; SE = 0.35; p = 0.003) decreased significantly over time. However, there was no statistically significant trend found in analyzing the incidence of Brooker grade 3/4 HTO (coefficient = 0.15; SE = 0.12; p = 0.22). Once again, the confounding factor of radiation site did not influence any outcome. The data were then graphically presented in a bubble chart, with the x axis represented as the mean year treated and the y axis as each primary outcome. Upon computing the weighted Pearson correlation coefficient, it was discovered that a moderate, negative relationship existed between the percentage of sites developing HTO and mean year of treatment (r = À0.32; p = 0.007; Fig. 2a ). When this analysis was subdivided into Brooker grade groups, a similarly moderate, downward sloping relationship was found for Brooker grades 1/2 (r = À0.39; p = 0.002; Fig. 2b ), whereas no statistically significant relationship was discovered for Brooker grades 3/4 (r = 0.16; p = 0.21; Fig. 2c) .
A time trend analysis was also completed for radiation dose (Fig. 3) , which demonstrated a highly significant downward sloping relationship between the prescribed dose and the mean year of treatment (r = À0.53; p < 0.0001).
Discussion
In the heterotopic ossification setting, radiation has been used consistently as a prophylaxis [7] . Over the years, evidence-based guidelines aiming to standardize radiotherapy regimens for these patients have not been devised, leading to a wide variability in the prescription patterns of radiation oncologists. This systematic Note: All values indicate number of treatment sites treated by radiotherapy rather than number of patients. review and meta-analysis has examined critical areas in this respect, especially in terms of appropriate dosing, preoperative versus postoperative prophylaxis, as well as differences in efficacy in various treatment sites and in patients with dissimilar medical histories.
Given the large number of treatment sites involved (n = 5464), it is the hope of the authors that these results will be generalizable and useful to the practicing radiation oncologist. Nonetheless, it is important to emphasize that the vast majority of included sites (97.7%) were exclusively in the hip region. Although there was no statistically significant difference in outcomes between various treatment sites, these results should be interpreted with caution, as only 87, 22, and 19 sites were the elbow [21, 26, 38, [40] [41] 56] , temporomandibular joint [18, 51] , and knee [41, 62] , respectively. As such, future research in diverse sites of HTO prophylaxis is encouraged.
In terms of dosing, 700 cGy has been by far the most common dose prescribed, especially in recent years (Fig. 3 ). This finding is in line with numerous included studies that have supported the efficacy of such a regimen [14] [15] 17, 21, [23] [24] 26] . When radiation dose was compared to the incidence of HTO, a positive relationship was found between the predictor and outcome (weighted coefficient: 0.01). However, this was statistically insignificant even with such high statistical power (p = 0.1). Given that higher doses of radiotherapy readily require more protracted fractionation schedules [70] , our analysis confirms that low doses, such as 700 cGy, provide an efficacious prophylaxis while minimizing patient burden.
Although postoperative radiotherapy has traditionally been the gold standard for HTO prophylaxis, more recently the role of preoperative administration [31] [32] 34, 36, [49] [50] 53, [59] [60] 65] has been explored. In our analysis, most sites were indeed prescribed radiotherapy postoperatively (n = 3364; 61.6%), with a smaller proportion being prescribed preoperative prophylaxis (n = 2072; 37.9%). For all three primary outcomes, p-values achieved or were close to achieving statistical significance. The only statistically significant finding that was discovered was in the proportion of sites developing Brooker grades 1/2 HTO: the proportion was considerably higher in sites that were treated postoperatively, relative to preoperative treatment (p = 0.0499). Although reaching statistical significance, it is unclear how clinically relevant these results may be, given the large sample sizes involved. Specifically, it is uncertain whether patient outcomes would be improved substantially by diminishing the flexibility of the radiotherapy center to prescribe prophylaxis either pre or postoperatively. Future research investigating this issue is warranted.
As Fig. 3 suggests, there has not been a dramatic shift in radiotherapy prescription patterns over the last twenty years. Nevertheless, the percentage of sites developing heterotopic ossification after prophylaxis with radiotherapy has consistently diminished over time (r = À0.32, p = 0.007). In the present day, it is common for the incidence of HTO to be anywhere between 0% and 30% of sites ( Fig. 2a ). This is in contrast to rates of 0-80% of sites observed in the 1980s ( Fig. 2a ). Of the sites which develop HTO today, most cases will be Brooker grade 1 or 2 HTO and thus less clinically significant (Fig. 2b) . Ultimately, the sustained reduction in HTO incidence over time may be more a result of the large surgical advances in this setting, as there is no evidence to support a relationship between modified radiotherapy parameters and drastically improved clinical outcomes. Future studies should aim to examine the role of changing surgical technique in the improvement of outcomes over time in this setting.
There are limitations to the methodology employed in the present study. First, all data were analyzed at the level of the cohort as opposed to the patient; although all analyses were weighted by the number of treatment sites receiving radiotherapy per cohort, the relationships that may hold true at the cohort level may not necessarily be true at the patient level. Further, as a means of increasing statistical power, especially in treatment sites that are traditionally underreported in the literature, the results of different study designs were pooled. As well, the total dose was used in all analyses as opposed to the biologically effective dose because certain included trials did not disclose the dose fractionation schedules that were employed. In closing, this meta-analysis has served to consolidate the vast research that has accumulated in the HTO setting over the last 40 years. Low dose radiotherapy is a safe and efficacious method of preventing HTO formation in sites such as the hip, elbow, knee, and temporomandibular joint.
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